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Introduction
In the past decade, nanotechnological means to fabricate structures smaller than the wavelength of light have been growing and addressing various applications. The common point of almost all of them is connected with concentration of light signal due to transformation of waves propagating in uniform media to surface plasmon-polariton (SPP) ones at metal-dielectric interfaces. This transformation leads to miniaturization of information channels. Light concentrators have different forms from tapered fibers [1] , either all-dielectric with a large core-cladding index contrast or metal coated ones [2] , through tapered plasmonic waveguides with photon-plasmon couplers [3, 4] ending at metamaterial nanotips [5] . Applications of light concentrators are numerous. In chemistry and biology sensors of molecules, cells, proteins and DNA have a form of tapered fibers [6] . In fiber laser applications tapered fibers with distributed Bragg reflectors (DBRs) are used for dispersion compensation [7] . Fiber tapers with long-period DBRs are used for sensing different physical properties such as temperature, stress or refractive index [8] [9] [10] . Tapered and corrugated waveguides have many potential uses in fiber output couplers and beam steerers [11] and tailoring the properties of photonic crystal fibers [12] .
In this paper we describe a method of corrugating a desired length the core surface of Gedoped silica fibers of constant diameter as well as tapering and corrugating such fibers. The process consists of the following three steps. To increase sensitivity of a fiber core of amorphous, photosensitive germanosilicate glass to UV illumination the fiber is hydrogenated. Then, a DBR is recorded in a direct grating writing process. Finally, the fiber is etched in an aqueous solution of HF acid to obtain equidistant circular grooves at the core surface.
Photosensitivity of germanium doped silica
Photosensitivity of germanosilicate glass is known since 1978 when Hill et al. [13] recorded Bragg gratings in Ge-doped silica-core fibers. Photosensitivity of such glass is observed in a wide range of Ge-dopant concentrations from 1 ÷ 30 mol. %. In our experiment the Ge-dopant concentration is chosen not because of maximum photosensitivity but because of desired isotropic etching rate -and more precisely -differential etch rate of exposed and unexposed glass. For small dopant concentrations depth of grooves is controlled by exposure time. For high dopant concentrations the etch rate of the core is much higher than that of the cladding and Turner type etching evolves to tube etching [14, 15] . The best etch rate of a core of 8 µm diameter is achieved for 5.4 mol. % Ge-dopant concentration (6.5% by weight).
The photosensitivity can be drastically increased by the hydrogenation process [16] . In our experiment, the glass fiber is placed in a 120 bar pressure hydrogen atmosphere at room temperature for a period of two weeks, during which H 2 molecules interstitially, without appreciable chemical interaction, diffuse into the sample. Application of an external trigger like focused ion beam implantation [17] or ultraviolet illumination [16, 18] induces chemical reactions which form hydroxyl groups within the glass structure. UV photons excite the O-Ge bond of a Si-O-Ge site which reacts with a hydrogen molecule forming Si-OH and a germanium defect center leaving one H atom to react with another Si-O-Ge site [18, 19] . The defect centers are responsible for refractive index changes which form a DBR, and consequently for a different etch rate of the exposed areas relative to unexposed ones. This differentiated reaction speed is the basis for fabricating grooves in the fiber core surface.
Fabrication method

Bragg grating recording
A Bragg grating in a photosensitive fiber core deprived of acrylic cladding is recorded by exposure to ultraviolet 244 nm wavelength argon ion 100 mW CW laser light, which is modulated by phase masks with grating periods Λ = 709 or 1061 nm. The relative maskfiber position is fixed during exposure so the length of the Bragg grating is determined by the length of the mask which in our case is 15 mm. Figure 1 presents a scheme of the exposure setup. A hydrogenated photosensitive fiber is brought into close proximity of the phase mask and both are placed on a translation stage which moves the pair across the light path so the entire interference pattern is permanently recorded in the fiber core. The phase mask is designed in such a way that the efficiency of radiation into the ± 1st diffraction orders is maximized and equal. In an ideal case of interference only between these two diffraction orders the Bragg period would be half of the grating period. However, it is never possible to eliminate the 0th order completely and thus the interference pattern is not perfectly sinusoidal. This issue is commented in Section 4.
Wet chemical etching of germanosilicate fibers
Dürr et al. [20] proved experimentally that both hydrogen loading and UV-irradiation influence defect population in doped glass and, respectively, decrease and increase etch rate. Pace et al. [21] showed that in Ge-doped glass the etch rate nonlinearly depends on molar concentration of the dopant. Taking into account the above relations we describe a fabrication of thin dielectric corrugated waveguides by means of HF-etching of hydrogenated UVexposed Ge-doped silica fibers. In Fig. 2 we present scanning electron microscope (SEM) images of a silica waveguide corrugated with periodicity of 709 nm etched at temperature 23.7°C for 54.5 min with final diameter 2.54 µm. The grooves are about 40 nm deep. Increasing the reaction time produces deeper corrugations at the same time giving a smaller core radius, so in effect increasing the surface modulation, i.e. the groove-depth to core-radius ratio. For the waveguide in Fig. 2 the ratio is 3.3%, however, this value may be increased by changing such process parameters as exposure time and Ge concentration. A wide practical use of light concentrators is in scanning near-field optical microscopes (SNOMs) as tapered fiber probes, which inspect a sample from a distance of about ten nanometers [22] . Stability of this distance, which assures a constant resolution along a scan is controlled with shear-force technique. In aperture metal-coated tapered SNOM probes resolution inversely depends on aperture size [23] , and can be increased due to corrugation of the interface between the fiber core and metal coating what enhances energy throughput and allows for aperture diameter reduction [24, 25] . In tapered fully metal-coated apertureless or all metallic SNOM tips surface corrugations enhance excitation and traveling of surface plasmons toward the tip apex [26] [27] [28] .
Tapering fibers is possible with different techniques. The classical one is local heating of a fiber to temperatures higher than the Littleton softening point and stretching it. The other one consists of chemical etching in aqueous solution of HF acid usually realized with the Turner method useful for glasses which contain not less than 80% of SiO 2 by weight [29] or tube etching [14] . This lower limit of silica content in glass agrees with the before mentioned upper limit of Ge dopant concentration for which induced photosensitivity saturates. In our experiment tube etching, which gives tapered tips with relatively small surface roughness and of highly reproducible shape, cannot be used because in the recording of Bragg gratings the acrylic coating which absorbs UV light is removed. As a result, the Turner method, which is quite sensitive to vibrations and produces tapers with large surface roughness due to a steplike height decrease of the HF meniscus, is used. The etching is made on a super stable holographic table used for recording of holograms with up to 5000 line pairs/mm and exposure times up to a few minutes. A mixture of H2O and HF (3:2) is covered with a thin layer of less dense and nonmiscible in HF organic isooctane, that is 2,2,4-trimethylpentane. Thus, the initial meniscus height dependent on density of the etchant and the top layer defines the maximum taper length. The taper angle can be controlled by pulling the fiber up or down into HF [30] . Fig. 2 . SEM pictures of corrugated silica waveguides fabricated from a Ge-doped UV-exposed fiber using a phase mask with periodicity of 709 nm etched at 23.7 °C for is 54.5 min, final diameter is 2.54 µm.
The Ge-defect centers are responsible for changing the etch rate of the exposed volumes of the core relative to unexposed ones. This differentiated reaction speed is the basis for forming grooves while the fiber core is being etched. If the process continues until the taper is formed, then the result is a corrugated conical surface as illustrated by SEM pictures in Fig. 3 . A fiber with an interference pattern from the phase mask with a 1061 nm period was etched in 40% HF at 22.4°C for 75 minutes (Fig. 3a) . As seen from SEM measurements the groove period is approximately equal to the phase mask period and the groove depth is about 120 nm. A fiber with DBR recorded through phase mask with a 709 nm period was etched in 40% HF at 24.1°C for 67 minutes (Fig. 3b) . In both cases the grooves are not perfectly perpendicular to the axis what results from a small misalignment during UV exposure. They are also not fully radially symmetric what is explained by a structure of interference pattern behind imperfect phase mask with not fully eliminated the 0th order.
Discussion and conclusions
Imperfect phase masks generate interference patterns which have their periodicity equal to the periodicity of the grating with every second fringe achieving maximum intensity [31] . In between these intensity maxima one can observe peaks of lower intensity and their decrease is dependent on the discretization and fabrication quality of phase levels of the mask. Moreover, in accordance to the Talbot self-image effect the interference field is periodic with a lattice constant of 6 and 13.4 µm for periods Λ = 709 and 1061 nm, respectively. If the fiber core is a lot smaller than the self-image length z then the irradiation efficiency should be quite uniform throughout the core, but will depend on the core -image alignment. In our case, the core diameter is 8 µm and is larger or comparable to z, so the interference intensity varies across the core. This in turn affects the concentration of germanium defect centers, the etch rate and finally the surface profile. To assure symmetric grooves it is necessary either place the fiber so that its axis coincides with a multiple of the self-image distance z or to assure that z is considerably greater than the diameter of the taper [31] . The former condition might be hard to achieve, however, the latter one will require the use of phase masks with larger periods. A larger Λ increases the corrugation period, however, the lattice does not need to contribute a large amount of momentum to couple light to plasmons at the core-coating interface, because the photon wavevector has a considerable parallel component. The most important use of tapered Ge-doped silica fibers with axially symmetric corrugations on desired length in the longitudinal direction is in scanning near-field optical microscopy for enhancing the energy efficiency by one order of magnitude [24, 25] . For aperture metal-coated probes with axially symmetric corrugations internal either linearly or radially polarized illumination is used. Linearly polarized light excitation is adequate for fully metal-coated probes with single-side asymmetric corrugations fabricated with FIB [26] . If in a metal-coated tapered fiber corrugations along the probe length, that is axially symmetric, are replaced with corrugations along the angular dimension, that is longitudinal, and internal azimuthally polarized illumination is used, then such a probe focuses the longitudinal magnetic component of evanescent field of light [32] . A probe of this kind may be used in a future scanning near-field magnetic microscope for studies of magnetic responses of subwavelength elementary cells of metamaterials.
